Neuropathic pain represents a challenge to clinicians because it is resistant to commonly prescribed analgesics due to its largely unknown mechanisms. Here, we investigated a descending dopaminergic pathway-mediated modulation of trigeminal neuropathic pain. We performed chronic constriction injury of the infraorbital nerve from the maxillary branch of trigeminal nerve to induce trigeminal neuropathic pain in mice. Our retrograde tracing showed that the descending dopaminergic projection from hypothalamic A11 nucleus to spinal trigeminal nucleus caudalis is bilateral. Optogenetic/chemogenetic manipulation of dopamine receptors D1 and D2 in the spinal trigeminal nucleus caudalis produced opposite effects on the nerve injury-induced trigeminal neuropathic pain. Specific excitation of dopaminergic neurons in the A11 nucleus attenuated the trigeminal neuropathic pain through the activation of D2 receptors in the spinal trigeminal nucleus caudalis. Conversely, specific ablation of the A11 dopaminergic neurons exacerbated such pain. Our results suggest that the descending A112spinal trigeminal nucleus caudalis dopaminergic projection is critical for the modulation of trigeminal neuropathic pain and could be manipulated to treat such pain.
Introduction
Neuropathic pain is a physically and emotionally debilitating condition. However, its underlying mechanisms are still not fully understood. An animal model, chronic constriction injury of the infraorbital nerve (CCI-ION), 7, 28, 40, 54 has been established to study trigeminal neuropathic pain. The top-down pain modulation is largely mediated by descending monoaminergic signal pathways, which either inhibit or facilitate pain transmission at the level of spinal or medullary dorsal horn. 3, 6, 22, 36, 38, 46 Monoamines, including serotonin, norepinephrine, and dopamine (DA), act through their different receptors to exert a complex modulation of excitability of the dorsal horn neurons. In the CCI-ION model, previous studies 28 , 40 have shown that descending serotonergic pathways are involved in the pathogenesis of trigeminal neuropathic pain; however, it is unclear whether descending dopaminergic signaling contributes to the CCI-ION-induced neuropathic pain. It was recently reported that descending dopaminergic pathways participate in pain transmission, 15, 16, 27 but how different types of DA receptors are regulated to contribute to neuropathic pain development remains elusive. Dopamine acts through 5 different metabotropic G-protein-coupled receptors (D1-D5), including D1 subfamily (D1 and D5) and D2 subfamily (D2, D3, and D4). All DA receptors, except the D3 receptor, are present in the trigeminocervical complex 11 ; the D2 receptor is the most prominent in the spinal trigeminal nucleus caudalis (Sp5C). 8, 12 In this study, we used D1-Cre and D2-Cre transgenic mice combined with optogenetic and chemogenetic manipulation to clarify the effects mediated by D1 and D2 receptors during trigeminal neuropathic pain in the CCI-ION model.
By using retrograde tracing, it has been revealed 1 that 5 hypothalamic nuclei project to the Sp5C in the rat: the paraventricular nucleus, the lateral hypothalamic area, the perifornical hypothalamic area, the A11 nucleus, and the retrochiasmatic area. Specifically, the descending pathway from hypothalamic A11 to the Sp5C originates mainly from dopaminergic neurons. 2 In this study, we used DA transporter (DAT)-Cre transgenic mice combined with optogenetic stimulation or chemical lesion of dopaminergic neurons to determine the role of the descending dopaminergic projection from hypothalamic A11 to Sp5C in trigeminal neuropathic pain.
Methods

Animals
Male C57BL/6 wild-type mice (8-10 weeks) and D1-Cre, D2-Cre, and DAT-Cre bacterial artificial chromosome transgenic mice (8-10 weeks) were used in this study. D1-Cre (line FK150) and D2-Cre (line ER44) transgenic mice [23] [24] [25] were generated in GENSAT (www.gensat.org) and were provided by M.K. Lobo 18, 34 (University of Maryland School of Medicine). Dopamine transporter-Cre mice were purchased from The Jackson Laboratory (Bar Harbor, ME). All 3 types of Cre mice were on a C57BL/6 genetic background. The mice were housed under standard conditions with a 12-hour light-dark cycle, and water and food pellets were available ad libitum. The mice were acclimated for 60 minutes before behavioral testing. All behavioral tests were conducted by an investigator blinded to the treatment groups. All experiments were conducted in accordance with the ethical guidelines of the National Institutes of Health and the International Association for the Study of Pain. All efforts were made to minimize animal suffering and to reduce the number of animals used. All experiments were approved by the Animal Care and Use Committee at the Texas A&M University College of Dentistry.
Trigeminal neuropathic pain model
We performed CCI-ION to induce trigeminal neuropathic pain in mice as described previously. 28 The ION does not include any autonomic components; thus, the CCI-ION has been considered as a classic neuropathic pain model. 26 In brief, the mice were anesthetized with pentobarbital sodium (50 mg/kg, intraperitoneally [i.p.]) and the ION was exposed through a 2-mm incision in the palatal buccal mucosa using sterile technique. We loosely tied the ION with two 4-0 chromic gut ligatures. Tissue adhesive was used to close the incision. The control mice received only nerve exposure without ligation. 28 
Orofacial mechanical pain test with von Frey filaments
Orofacial mechanical pain was measured with a series of calibrated von Frey filaments (0.08, 0.15, 0.25, 0.41, 0.70, 1.2, and 2.0 g). Each mouse was placed into a 10-cm long plexiglass observation cylinder and allowed to poke out their heads and forepaws, but the mouse cannot turn around in the cylinder. After 60 minutes of acclimation, the von Frey filament was applied to the trigeminal nerve V2 branchinnervated facial skin. A positive response was defined as a sharp withdrawal of the head on stimulation. Each filament was applied 5 times to the V2-innervated skin area for 1 second at 10-second intervals, starting from the lowest force of the filament (0.08 g) and continuing in ascending order. The head-withdrawal threshold was calculated as the force at which the positive response occurred in 3 of 5 stimuli, which is an indicator for sensory component of pain in the CCI-ION model. Because the CCI-ION-induced neuropathic pain lasts at least 28 days and is at stable level on day 14 after surgery, we chose that day to conduct all pain behavioral testing.
Conditioned place preference
This test was conducted in a standard 3-compartment apparatus including a dark room (normal mouse preferred location), a striped room, and a buffer room. The movements of mice in each room were automatically recorded using a camera and analyzed with the ANYmaze software (Stoelting, IL). We performed the conditioned place preference (CPP) test as described previously 33 in the following order: preconditioning, conditioning (pairing), and testing. The preconditioning phase lasted for 3 days starting from day 8 after CCI-ION. During the preconditioning, all the mice were exposed to the environment with full access to all rooms for 30 minutes each day. On the third day, the movement of each mouse was recorded for 15 minutes as baseline. Next, the mice were paired with light stimulation in optogenetic manipulation or clozapine N-oxide (CNO) injection in chemogenetic activation. The normally preferred dark room was assigned as the pairing room. After the 3-day pairing, 15-minute testing with free access to all the rooms was performed. The time spent in each room was recorded to analyze the place preference, and altered time in paired dark room was used to indicate emotional component of trigeminal neuropathic pain in the CCI-ION model.
2.5.
Optogenetic manipulation of neuronal activities in D1/ D2-Cre mice D1-Cre and D2-Cre mice were infused using sterile technique with the following Cre-inducible viruses into unilateral Sp5C according to predetermined coordinates (AP, 28.0 mm; ML, 1.5 mm; DV, 4.5 mm) 44 : (1) a control virus (AAV5-EF1a-DIO-EYFP); (2) a virus expressing channelrhodopsin-2 (ChR2) for neuronal excitation (AAV5-EF1a-DIO-ChR2 (E123A)-EYFP-WPRE); (3) a virus expressing halorhodopsin from Natronomonas pharaonis (NpHR) for neuronal inhibition (AAV5-EF1a-DIO-eNpHR3.0-EYFP). 0.6 mL of each virus (0.1 mL/minute) was infused manually to express lightsensitive proteins in the Sp5C for optogenetic manipulation. After the infusion, the needle (33-gauge, Hamilton) remained in place for 5 minutes before being retracted from the Sp5C. Next, using sterile technique, an optical fiber with a 1.25-mm ferrule cannula was implanted 0.3 mm above the virus infusion site through the same hole after syringe removal. 31 Diode-pumped solid-state lasers (473 nm blue light for ChR2 and 532 nm green light for NpHR) produced from OEM Laser Systems (Midvale, UT) were used for optogenetic manipulation of Sp5C D1/2-expressing neurons. The light stimulation was conducted at 20 Hz and the light intensity ranged from 3 to 5 mW. After experiments, the location of infusion and light stimulation site was confirmed histologically. To examine the effect of excitation of the A11 dopaminergic neurons on the CCI-ION-induced neuropathic pain, DAT-Cre mice were infused with AAV5-EF1a-DIO-ChR2 (E123A)-EYFP-WPRE and its control AAV5-EF1a-DIO-EYFP into the A11 nucleus (AP, 22.3 mm; ML, 0.2 mm; DV, 3.8 mm) as described previously 29 with a minor modification, and blue light (473 nm) was used to excite A11 dopaminergic neurons.
Designer receptors exclusively activated by designer drugs(DREADDs)-based chemogenetic activation of D1/2-expressing neurons in the Sp5C
A Cre-inducible excitatory DREADD virus (hM3D) and its control were infused unilaterally (ipsilateral side of CCI-ION) into the Sp5C of D1-Cre and D2-Cre mice. For chemogenetic activation, D1-Cre and D2-Cre mice were infused using sterile technique with the following Cre-inducible viruses into unilateral Sp5C according to the abovementioned coordinates: (1) a control virus (AAV5-hSyn-DIOmCherry) and (2) a virus expressing hM3D for neuronal activation (AAV5-hSyn-DIO-hM3D (Gq)-mCherry). Next, we injected CNO (1 mg/kg, i.p.) to specifically activate D1/2-expressing neurons in the Sp5C. The virus infusion was performed as described in optogenetic manipulation, and the infusion site was confirmed histologically after experiments.
Antegrade and retrograde tracing
Mice were anesthetized with 2% isoflurane and placed into a stereotaxic frame. 1 mL of the antegrade tracer 48 respectively, as described previously. 2 The needle was left in the corresponding area for further 10 minutes before withdrawal from the brain. Only a single injection into the A11 nucleus or Sp5C was performed in each mouse. At 24 hours after injection, the mice were deeply anesthetized with isoflurane and perfused with 4% paraformaldehyde for imaging or immunohistochemistry.
Immunohistochemistry
After the perfusion, Sp5C-or A11-containing brain tissues were cut at 20 mm with a cryostat (CM1950; Leica, Chicago, IL). Free-floating slices were blocked in a 5% normal goat serum for 1 hour followed by incubation with primary antibodies overnight at 4˚C. Next, the slices were washed and placed in a corresponding secondary antibody conjugated to Alexa Fluor 488 or Cy3 for 1 hour at room temperature. Immunofluorescent imaging was observed and analyzed under a Leica fluorescence microscope (DMi8; Leica). The information for all the antibodies used in this study is listed below.
See supplemental digital content, available at http://links.lww.com/PAIN/A669.
Chemical lesion of A11 dopaminergic neurons
Mice were first injected with desipramine (25 mg/kg, i.p.; Sigma, St. Louis, MO) to protect noradrenergic neurons. 27 Next, the mice were anesthetized with 2% isoflurane and placed into a stereotaxic frame. Using sterile technique, a 30-gauge needle was used to inject 1 mL of 6-hydroxydopamine (6-OHDA) (2 mg/mL; Sigma) unilaterally into the A11 nucleus (AP, 22.3 mm; ML, 0.2 mm; DV, 3.8 mm). The needle was left in place for further 10 minutes before withdrawal. The chemical lesion-produced ablation of A11 dopaminergic neuron was examined by immunohistochemical staining with the antibody against TH (a marker for dopaminergic neurons).
Drug administration
SCH23390 (D1 receptor antagonist, 1 mg/mL; Sigma) and spiperone (D2 receptor antagonist, 1 mg/mL; Sigma) were injected with a 30-gauge needle into the Sp5C (AP, 28.0 mm; ML, 1.5 mm; DV, 4.5 mm) 48 to regulate the activities of the corresponding receptor. The injection volume was 1 mL. See supplemental digital content, available at http://links.lww.com/PAIN/A669.
Locomotor function determination
A Rotarod apparatus was used to measure locomotor function of mice. The rods in the apparatus were accelerated from 4 to 40 rpm over 5 minutes. The falling speed and the time to fall off the rod were recorded.
Statistics
Data are expressed as mean 6 SEM. All statistical analyses were performed using SigmaStat software. Paired Student t test and 1-way analysis of variance were performed, and StudentNewman-Keuls method was used for the post hoc test of analysis of variance. The level of significance was set at P , 0.05.
Results
Optogenetic manipulation of dopamine receptors D1 and D2 in the Sp5C differentially regulates trigeminal neuropathic pain
To reveal the role of DA receptors D1 and D2 in trigeminal neuropathic pain, we applied optogenetic stimulation in the Sp5C to specifically manipulate the function of these receptors. Immunohistochemical staining showed that the 2 DA receptors were expressed mostly on different neurons of the Sp5C (Fig. 1A) . The percentages of D1-and D2-expressing cells were 42.33 6 1.3% and 57.67 6 1.3%, respectively. And, only 10.23 6 1.38% of cells expressed both D1 and D2 receptors. We also observed that D1 was predominantly expressed in the deep laminae of the Sp5C, and D2 was mostly expressed in the superficial laminae of the Sp5C (Fig. 1A) , which is consistent with the distribution of D1 and D2 receptors described in previous studies in rats. 8, 32 For optogenetic stimulation, we infused Cre-inducible viruses unilaterally into the Sp5C (ipsilateral side of CCI-ION) to express light-sensitive proteins (opsins) on D1/2-expressing neurons of D1-Cre or D2-Cre transgenic mice. And, these viruses were strongly expressed in the Sp5C on day 14 after infusion ( Fig. 1B) . Because pain is not only an unpleasant sensation, but also related to emotional experience, we used von Frey filaments and CPP to measure sensory and emotional components of pain , although the optogenetic manipulation had no effect on the pain thresholds in the contralateral side of the CCI-ION (D). The CPP test showed that time spent in the dark room, which was paired with light stimulation, was significantly increased in the mice with the expression of NpHR in the Sp5C, but the time was markedly decreased in the mice with the expression of ChR2 in the Sp5C (E). Optogenetic stimulation did not significantly alter these behaviors in the D1-Cre mice with the expression of control virus in the Sp5C. (F-H) In D2-Cre mice, optogenetic inhibition of the Sp5C D2-expressing neurons significantly enhanced the CCI-ION-induced neuropathic pain on day 14 after surgery and optogenetic excitation of the Sp5C D2-expressing neurons dramatically diminished such pain in both von Frey (F) and CPP (H) tests. Likewise, optogenetic stimulation had no effect on the pain thresholds in the contralateral side of the CCI-ION (G) and did not significantly alter these behaviors with the expression of control virus in the Sp5C. n 5 6 to 7 mice per group. *P , 0.05 vs the corresponding baseline values; #P , 0.05 vs the corresponding CCI group. CCI-ION, chronic constriction injury of the infraorbital nerve; CPP, conditioned place preference; DA, dopamine. (Fig. 1C) . It should be noted that optogenetic manipulation had no effect on the pain thresholds in the contralateral side of the CCI-ION (Fig. 1D) .
The CPP test in the D1-Cre mice showed that the time spent in the dark room (normally preferred location), which was paired with light stimulation, was significantly increased in the mice with the expression of NpHR in the Sp5C, whereas the time was markedly decreased in the mice with the ChR2 expression in the Sp5C (Fig. 1E) . Optogenetic stimulation did not significantly alter these behaviors in the D1-Cre mice with the expression of control virus in the Sp5C (Figs. 1C-E) .
Interestingly, we observed opposite responses to optogenetic manipulation in D2-Cre mice. Using both von Frey filaments and CPP tests on day 14 after CCI-ION, we showed that optogenetic inhibition of the Sp5C D2-expressing neurons significantly enhanced the CCI-ION-induced neuropathic pain and optogenetic excitation of the Sp5C D2-expressing neurons dramatically diminished such pain in the CCI-ION model (Figs. 1F and H) . Likewise, optogenetic stimulation had no effect on the pain thresholds in the contralateral side of the CCI-ION (Fig. 1G) and did not significantly alter these behaviors in the D2-Cre mice with the expression of the control virus in the Sp5C (Figs. 1F-H) .
Chemogenetic activation of dopamine receptors D1 and D2 in the Sp5C oppositely affects trigeminal neuropathic pain
To further verify the effects of manipulation of Sp5C D1/2-expressing neurons on neuropathic pain, we performed DREADDs-based chemogenetic activation in the Sp5C of D1-Cre and D2-Cre mice. With the unilateral infusion (ipsilateral side of CCI-ION) of a Creinducible excitatory DREADD virus (hM3D) or its control into the Sp5C of D1-Cre and D2-Cre mice, we found that chemogenetic activation of the Sp5C D1-expressing neurons with the injection of CNO significantly enhanced the CCI-ION-induced neuropathic pain on day 14 after surgery, as measured by both decreased headwithdrawal threshold in the von Frey filament test and decreased time spent in the paired dark room in the CPP test (Figs. 2A-C) .
Oppositely, chemogenetic activation of Sp5C D2-expressing neurons with the injection of CNO robustly diminished the trigeminal neuropathic pain on day 14 after surgery in the CCI-ION model, including an increased head-withdrawal threshold in the von Frey filament test and increased time spent in the paired dark room in the CPP test (Figs. 2D-F) . In the contralateral side of CCI-ION, chemogenetic activation of Sp5C D1/2-expressing neurons had no effect on mouse behaviors in both tests (Figs. 2B and E). In addition, chemogenetic activation did not significantly affect pain behaviors in the D1/2-Cre mice with the expression of control DREADD virus in the Sp5C (Figs. 2A-F) . 
Dopamine receptors D1 and D2 are expressed in different types of neurons in the Sp5C
To understand the mechanisms underlying the opposite effects of manipulating D1R and D2R in the Sp5C, we examined neuronal types in which the 2 DA receptors are expressed using immunofluorescence double staining. Glutaminase and g-aminobutyric acid (GABA) are neuronal markers for glutamatergic excitatory neurons and GABAergic inhibitory neurons, respectively. 30, 51 We observed that in the Sp5C of D1-Cre mice, Crepositive D1 neurons colabeled with glutaminase (Fig. 3A, 71 .92 6 11.37% of total D1 neurons) were more than those colabeled with GABA (Fig. 3B, 23 .36 6 5.58% of total D1 neurons), and that in the Sp5C of D2-Cre mice, Cre-positive D2 neurons were primarily colabeled with GABA (Fig. 3C, 78 .89 6 4.41% of total D2 neurons) and only a few of those were colabeled with glutaminase (Fig. 3D, 11 .89 6 4.07% of total D2 neurons). Our data indicate that most D1 receptors are expressed in excitatory neurons of the Sp5C but D2 receptors are predominantly expressed in inhibitory neurons of the Sp5C.
Specific excitation of dopaminergic neurons in the hypothalamic A11 attenuates trigeminal neuropathic pain through the activation of D2 receptor in the Sp5C
Our antegrade and retrograde tracing experiments showed that descending dopaminergic projection from hypothalamic A11 to Sp5C was bilateral. After unilateral injections of the antegrade tracer DiI into the A11 and the retrograde tracer FG into the Sp5C, DiI and FG were expressed in both sides of Sp5C and A11, respectively (Figs. 4A and B) . By double staining, we confirmed that the descending projection from hypothalamic A11 to Sp5C was dopaminergic. The retrograde tracer FG was coexpressed with TH, a specific marker for dopaminergic neurons, in both ipsilateral and contralateral sides of A11 nucleus (Figs. 4C and  D) . To explore the potential role of the descending dopaminergic projection in neuropathic pain, we used optogenetic stimulation in DAT-Cre mice after the excitatory virus AAV5-EF1a-DIO-ChR2 (E123A)-EYFP-WPRE and its control virus AAV5-EF1a-DIO-EYFP were injected into the A11 nucleus of the mice. We found that specific excitation of A11 dopaminergic neurons significantly increased head-withdrawal thresholds in the ipsilateral side (Fig.  4E) , but not the contralateral side (Fig. 4F) , in the von Frey filament test and also increased the time spent in the paired dark room in the CPP test (Fig. 4G) , suggesting that activation of A11-Sp5C descending dopaminergic pathway attenuates the CCI-ION-induced neuropathic pain.
Furthermore, we found that intra-Sp5C injection of D1 and D2 antagonists showed opposite effects on pain behaviors in the CCI-ION model (Figs. 4H and I) . Notably, the administration of D1 antagonist synergistically enhanced the analgesic effect of A11 excitation (Fig. 4H) , and the administration of D2 antagonist blocked the analgesic effect of A11 excitation (Fig. 4I) , suggesting that Sp5C D2 (not D1) receptor activation mediates the effect of A11 dopaminergic neuron excitation on the CCI-ION-induced neuropathic pain. As a control, intra-Sp5C injection of vehicle had no effect on the A11 excitation-produced analgesic effect (Fig. 4J) .
Specific ablation of the A11 dopaminergic neurons exacerbates trigeminal neuropathic pain
To further demonstrate the involvement of A11-Sp5C descending dopaminergic pathway in neuropathic pain, we conducted , respectively. The insets in (A) display higher-magnification images of the respective boxed areas in the contralateral and ipsilateral Sp5C at low magnification. In the upper panel of (B), the right image represents the boxed A11 area in the left image at high magnification. And, the lower panel of (B) displays the respective boxed areas in the contralateral and ipsilateral A11 of the upper right image at higher magnification. (C and D) By double staining, we showed that the descending projection from hypothalamic A11 to the Sp5C was dopaminergic (C). The retrograde tracer FG was coexpressed with TH, a specific marker for dopaminergic neurons, in both contralateral and ipsilateral sides of A11 nucleus (D). The expression of TH and/or FG in bilateral A11 is shown at low magnification in (C). And, the expression of TH and/or FG in the ipsilateral and contralateral A11 within the respective boxed areas in (C) is shown at high magnification in (D) . (E-G) By optogenetic stimulation of A11 dopaminergic neurons in DAT-Cre mice, we showed that specific excitation of A11 dopaminergic neurons significantly increased head-withdrawal thresholds in the ipsilateral side (E), but not the contralateral side (F), in the von Frey filament test and also increased the time spent in the paired dark room in the CPP test (G). (H-J) By pharmacological intervention, we showed that intra-Sp5C injection of a D1 antagonist (SCH23390) inhibited the CCI-ION-induced neuropathic pain and enhanced the analgesic effect of A11 dopaminergic neuronal excitation (H); however, intra-Sp5C injection of a D2 antagonist (spiperone) exacerbated the CCI-ION-induced neuropathic pain and completely blocked the A11 dopaminergic neuronal excitation-produced analgesic effect in the CCI-ION model (I). As a control, intra-Sp5C injection of saline (vehicle) had no significant effect (J). n 5 5 to 6 mice per group. *P , 0.05 vs the corresponding baseline values; #P , 0.05 vs the corresponding CCI group; @P , 0.05 vs the corresponding "CCI 1 A11 excitation" group. CCI-ION, chronic constriction injury of the infraorbital nerve; CPP, conditioned place preference; DAT, dopamine transporter; FG, fluorogold.
chemical lesion of the A11 dopaminergic neurons by injecting 6-OHDA unilaterally into the A11 nucleus. We also injected systemically desipramine (i.p.) to protect noradrenergic neurons. 27 Double staining of harvested A11-containing brain slices with antibodies against TH and the retrograde tracer FG (injected into Sp5C) showed that the chemical lesion specifically ablated A11 dopaminergic neurons, which projected to Sp5C (Figs. 5A  and B) . The chemical lesion-produced specific ablation of A11 dopaminergic neurons further reduced the CCI-decreased headwithdrawal threshold in the ipsilateral side of the mice, but the A11 lesion alone had no effect on the head-withdrawal threshold (Fig.  5C and D) .
Both optogenetic and chemogenetic manipulation do not affect locomotor function of mice
To exclude the effect of optogenetic/chemogenetic manipulation of A11 dopaminergic neurons or Sp5C D1/2-expressing neurons on locomotor function of mice, we tested mouse movement using a Rotarod apparatus after optogenetic stimulation or chemogenetic activation. We observed that optogenetic manipulation (both NpHR-mediated neuronal inhibition and ChR2-mediated neuronal excitation) of Sp5C D1-expressing neurons in D1-Cre mice had no significant effects on falling speed and time to fall in the Rotarod testing (Figs. 6A and B) . We also observed that chemogenetic activation of Sp5C D1-expressing neurons in D1-Cre mice had no significant effects on falling speed and time to fall in the Rotarod testing (Figs. 6C and D) . In addition, optogenetic/ chemogenetic manipulation of A11 dopaminergic neurons in DAT-Cre mice or Sp5C D2-expressing neurons in D2-Cre mice had also no significant effects on locomotor function of the mice (data not shown).
Discussion
In this study, we reveal that (1) specific manipulation of DA receptors D1 and D2 in the Sp5C oppositely regulates nerve injury-induced trigeminal neuropathic pain; (2) specific excitation of dopaminergic neurons in the hypothalamic A11 attenuates the trigeminal neuropathic pain through the activation of D2 receptors in the Sp5C; and (3) specific ablation of the A11 dopaminergic neurons exacerbates such pain. Taken together, our results suggest that the descending dopaminergic projection from hypothalamic A11 nucleus to the Sp5C can control trigeminal neuropathic pain. Previous studies have demonstrated that descending dopaminergic pathways from hypothalamic A11 nucleus contribute to pain regulation. 2, 27, 32, 37, 55 The A11-originated descending pain modulation pathway plays an important role in spinal dorsal horn neuron-mediated pathological pain plasticity, 27 and also regulates formalin-induced trigeminal pain behaviors. 2 However, it is unknown whether the A11 descending dopaminergic pathways contribute to neuropathic pain. Using antegrade and retrograde tracing, we observed that the A11 dopaminergic neurons project bilaterally to Sp5C in mice, which is consistent with a recent report in rats. 1 As an important neurotransmitter in the top-down pain modulation system, DA exerts its function by binding to 2 types of DA receptors named D1-like and D2-like receptors. 5 And, these receptors are expressed in trigeminal nucleus and may exert different modulation on pain. 2, 8, 27, 39, 55 By immunohistochemistry, we showed that DA receptors D1 and D2 in the Sp5C are mostly expressed in different neurons. Our optogenetic and chemogenetic manipulation experiments further revealed that D1-and D2-expressing neurons in the Sp5C mediate opposite effects on neuropathic pain in the CCI-ION model. Previous studies have shown that the activation of D1-like receptors produces excitatory effects on both sensory and motor neurons, 20, 50 whereas the activation of D2-like receptors produces inhibitory actions on synaptic transmission of spinal and trigeminal neurons. 8, 9, 14, 19, 21, 52 Thus, we reasoned that exciting D1-and D2-expressing neurons may cause a pain increase and decrease, respectively. Our optogenetic/ chemogenetic manipulation data exactly prove this assumption. We also showed that D1 and D2 receptors in the Sp5C display different neuronal localization: most D1 receptors are expressed in excitatory neurons of the Sp5C but D2 receptors are predominantly expressed in inhibitory neurons of the Sp5C. The difference of expression patterns for Sp5C D1 and D2 receptors could be a possible mechanism underlying their distinct effects.
It has been reported that D2-like receptors have higher affinities and are activated by lower concentrations of DA than D1-like receptors. 43 Therefore, it is conceivable that the effect of activation of descending dopaminergic pathway from A11 nucleus to Sp5C on pain transmission may be dependent on local DA concentration: low levels of DA will activate D2-like receptors to inhibit pain and high levels of DA will activate D1-like receptors to enhance pain. This receptor binding priority could be shifted toward a preferential activation of D2-like receptors while even higher levels of DA are produced, 13, 43 such as stimulation of A11 dopaminergic neurons. Our experiments using DAT-Cre mice provide essential evidence to support this hypothesis. We found that optogenetic excitation of A11 dopaminergic neurons markedly attenuates the CCI-ION-induced neuropathic pain and this effect is completely inhibited by intra-Sp5C injection of a D2 receptor antagonist.
Our results suggest that the specific activation of A11 dopaminergic neurons by optogenetic stimulation may release plenty of DA into the Sp5C, and the increased synaptic concentration of DA diminishes the neuropathic pain on binding to D2 receptors in the Sp5C. Previous studies have also shown that local electrical and chemical excitation of the A11 dopaminergic neurons reduces noxious stimulation-produced responses in both spinal dorsal horn and Sp5C through a D2 receptor-mediated pathway. 11, 17, 53 Therefore, specific excitation of the A11 dopaminergic neurons followed by Sp5C D2 receptor activation could be developed as a new approach for the treatment of trigeminal neuropathic pain. A previous study reported strong D2 receptor staining in fibers of laminae I/IIo of trigeminocervical complex. 8 Moreover, activation of D2 receptors in the superficial medullary dorsal horn might specifically contribute to descending dopaminergic pathway-mediated tonic inhibition of trigeminal nociceptive inputs. 32 Therefore, presynaptic D2 receptors likely play an important role in the antinociceptive effect produced by excitation of A11 dopaminergic projecting neurons, which has been suggested by the pioneering study of Fleetwood-Walker et al. 17 using electrical stimulation of the A11.
We also used chemical lesion of dopaminergic neurons to observe the effect of the reduction of A11 dopaminergic neurons on the CCI-ION-induced neuropathic pain. We found that specific ablation of dopaminergic neurons in the hypothalamic A11 exacerbates trigeminal neuropathic pain. A previous study using the facial formalin pain model in rats reported that DA denervation of the A11 nucleus induces trigeminal analgesia. 2 And, the number of TH-immunoreactive neurons in the A11 is reduced by approximately 40% in that study. 2 Besides the differences in animals and pain models, the disparity between our investigation and the above-mentioned study may also relate to the degree of A11 lesion, because 6-OHDA-produced chemical lesion in our experiments caused a much greater decrease of DA, ie, approximately 70% reduction of dopaminergic neurons in the ipsilateral A11 nucleus. This explanation is supported by previous electrophysiological studies 10,11 using electrical lesion, which almost fully removed dopaminergic neurons in the A11 nucleus. They found that the electrical lesion facilitates the responses of trigeminocervical neurons to both noxious and innocuous mechanical stimuli. 10, 11 In the CPP test, we measured pain facilitation or inhibition produced by optogenetic/chemogenetic manipulations based on the time in the paired dark room. This method has been used in previous studies 4, 33, 35, 47, 56 to assess pain in acute and chronic pain models. We observed that mice spent more time in the dark room when they were paired with optogenetic/chemogenetic inhibition of pain; oppositely, mice spent less time in the dark room when they were paired with optogenetic/chemogenetic facilitation of pain. Although the dark room is the normally preferred location of mice, the mice still spend their time in different rooms during the CPP test. Increased time in the dark room indicates pain inhibition produced by optogenetic/ chemogenetic manipulations because mice prefer to stay in the room where they experience less pain. However, we do not know whether such inhibition can produce pleasure. It will be interesting to investigate the relationship between pain inhibition and pleasure induction when we analyze pain behaviors with the CPP test.
Although the majority of neurons in the A11 nucleus are dopaminergic, some neurons containing calcitonin gene-related peptide (CGRP) and GABA are also included in this area with different densities and distributions. 2, 11, 41, 42, 45, 49 It has been suggested that GABAergic neurons in the A11 might contribute to the regulation of dopaminergic neurons. 2 Facial noxious stimulation can activate A11 GABAergic neurons, which then inhibit dopaminergic neurons in the A11 nucleus through local GABA circuits. 2 In addition, TH and CGRP dually immunoreactive neurons are distributed throughout the entire rostrocaudal A11 nucleus. 11, 41 Thus, A11 is a heterogenous nucleus including DA-, GABA-, and CGRP-containing neurons. However, how GABAand CGRP-containing neurons in the A11 nucleus are involved in the descending dopaminergic pathway to control neuropathic pain is still unclear. Unravelling the interactions of DA-, GABA-, and CGRP-containing neurons in the A11 nucleus will provide more information about the top-down control of pain transmission. Nevertheless, although other neurotransmitters may play a role in trigeminal neuropathic pain, our present study provides strong evidence to show that the descending dopaminergic pathway from A11 to Sp5C contributes to trigeminal neuropathic pain. Our results suggest that this descending dopaminergic pathway could be manipulated to treat such pain.
In conclusion, we revealed in this study that the descending dopaminergic pathway from A11 to Sp5C is critical for controlling trigeminal neuropathic pain. Dopamine receptors D1 and D2 in the Sp5C differentially contribute to the modulation of the trigeminal neuropathic pain. Specific excitation of the A11 dopaminergic neurons attenuates the trigeminal neuropathic pain through a D2 receptor-mediated signaling in the Sp5C, which could be developed as a new therapy for such pain.
